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[57] ABSTRACT 

A composite silicon carbide sintered shape is provided 
in two forms in which the former form includes rare 
earth oxides as a sintering assist, and the latter form 
includes rare earth oxides and/or aluminum oxide or 
boron oxide as a sintering assist, characterized in that 
both fonns have a surface layer abundant in rare earth 
oxides. Methods for manufacturing such sintered shapes 
are also provided. 
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COMPOSITE SnJOON CARBIDE SINTERED DESCRIPTION OF THE INVENTION 

SHAPES AND ITS MANUFACTURE Inventois have discovered that when a Jarger amount 

of sintering assist is added to SiC and mixed thereto, 

BACKGROUND OF THE INVENTION 5 then the mixture is sintered into shape in which the 

1. Field of the Invention sintering assist diffuses not only into the grain boundary 

The present invention relates to composite sintered polycrystal but also into the surface layer abun- 

shapes of silicon carbide having a surface layer abun- oxides having a high dielectric 

dant in rare earth oxides, i.e. a surface layer containing strength. 

more quantity ofrare earth oxides than the interior, and words, the composite sintered shape pro- 
method of producing such shapes. More particularly present invention consists of two phases, 
the present invention relates to composite sintered i-e.. the interior abundant is silicon carbide and the sur- 
shapes of silicon cari)ide having a surface layer abun- abundant in rare earth oxides, 
dant in rare earth oxides of insulating property and an cmbodmient of the present invention pro- 
interior structure abundant in SiC and having a high * composite silicon carbide sintered shape con- 
bending strength and semi-conductive property, and f^^^"g 11.300-65.000 atomic % of at least one member 
method of producing such shapes. ^^^"P ^^^^ o^^^ (hereinafter referred to 

Silicon carbide has been used for heat resisting shapes ^ ^ ^^^^^^ remainder substantially of SiC 

or high temperature heating element due to its excellent • f contained m the composite silicon carbide 

high temperature strength, high thermal shock resis- ° ^mtered shape formed by the present invention is or are 

tance, acid resistance, anti-wearing property and creep "^^c^T"?"^ members sel^ted from the group of oxides 

resistance, and recently extended its usage to the field of 2f ' ^'5^* "o, Er, 

high temperature construction material or anti-wearing i *u ^ Jt"" u 

material " ^"^ embodiment of the present invention, 

However, silicon carbide (hereinafter somethnes re- " a sintered shape is less 

ferred to as SiC) is generally to be sintered with diffi. atomic %, the formation of surf-ace layer of 

culty. and it is mfeasible to produce dense sintered f^^f /IS?^^^^^^ ^-.^"^"^ ^'T"" 

shapes of high strength using SiC alone. Therefore. '^.^^''m ^^'"^I! cari^ide is dispersed or 

there have bfen practised by the hot pressing proces T"*' 'r**"^'"? the remaming SiC amount, 

wherein a sintering assist such as AI2O3, iron oSdefo f,2r^l^^^^}fZ^T^^ on the sintered shape manu- 

AIN is added to SiC powder and mix^ together, ;nd a™^^^^ 

the reaction sintering process wherein a shape of ndxed L^LTrl 4h^^^^^ R oxide contaimng SiC 

powder of SiC and C ^ melted or reacted N^th gaseous J^'i ""'r™' '^•^^''^^ '^'^'''^^ 

silicon. However, the conventional processes i^olve 35 ox2 VtL'^Sn^h^^ compnsmg R 

difficulty to form the shapes of complicated configura- S w ! S ^f''''!^^^- T^/ ^^^f ^Vij? 

isiTL stc S^r ^^w^ f '""^T"^- P'<>^*^ by '^'^^^^ I^y^' ^'om the environment, 

til •^T'*^'' conibined powders, when the shape is exposed at an elevated temperature, 

forming the mixed powder mto green shapes and sinter- e.g 13OO-.15(>0- C. of the air, the oxidation is reduced 

ing the same without an application of pressure. thm tenth compared vdth a shape wL^t t^ 

cn^' rhTf "^.^ ^"^^ method of manufacture of sili- 45 layer. TTie thermal conductivity of the layer is less tha^ . 

con ^bide smtered shapes with or without an applica- tenth that of a shape without sich layer, and for exam- 

of nrid^I^^^^^^ P^^' ^ P^^"^ ^ accordanJ^^th the present 

Nn Application invention having a layer thickness ofSO urn is about one 

No. 56^109, and U S. Ser. No. 616,787. third of a shape without surh layer Th e bonding 

In the above-mentooned pnor mvention, sintering 50 strength between the surface layer and the interior of 

assists selected from the group of rare earth oxides, and the shape is sufficiently high, and the thermal shock of 

further containing one or more members selected from alternate heating and cooling in several tunes does not 

Oie group consisting of carbon, aluminum oxide and cause any separation of the bonding. 

lx)ron oxide are u^ as sintering assist. The amount of Composite silicon carbide sintered shapes produced 

assist confined ma sintered shape is 11.300 atomic 55 by the second embodiment of the present invention 

% maximum for rare earth oxides, or 1 1.500 atomic % generally consist of 0.021-65.000 atomic % of R oxide, 

maximum rare earth oxides plus aluminum and/or 0.006-79,984 atomic % of either aluminum oxide (here- 

boron oxide. SUicon carbide sintered shapes produced inafter referred to as Al oxide) or boron oxide (hereinaf- 

by the above-mentioned invention contain a rather ter referred to as B oxide), the total amount of said Al 

small amount of sintering assist exsisting m the most 60 and B oxides being 11.306-80.000 atomic %, and the 

part in the gram boundary of the shape which assists remainder substantially of SiC. R oxide of more than 

feasible smtering. 65.000 atomic %, Al oxide or B oxide of more than 

Main object of the present invention is to provide 79.984 atomic %, and R oxide plus Al oxide or B oxide 

composite silicon carbide sintered shapes especially ofmore than 80.000 atomic % can not produce a desired 

suitable for substrates of a high dielectric breakdown 65 shape because silicon carbide is dispersed in these oxides 

strength for electronic circuit having a surface layer or reacted with them and is exhausted. Also combined 

abundant in rare earth oxides. The object may be R oxide plus Al oxide or B oxide of less than 11.306 

achieved by the method defined in the appended claims. atomic % can not produce a desired surface layer. 
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The surface layer of a composite silicon carbide sin- fUric, nitric, hydrofluoric, phosphoric, perchloric, car- 

tered shape formed by the above-mentioned second bonic acids, organic acids (formic, acetic, propionic, 

embodiment comprises a mixture of three kinds of com- tartaric, fumaric, lactic, oxalic, stearic, maleic, benzoic, 

binations of R oxide plus Al oxide; R oxide plus B oxide; malic, malonic, citric and lactic acids) and others. 

R oxide plus Al oxide and B oxide; and a small amount 5 In accordance with the present invention, a mixture 

of SiC and/or Si02 dispersed in the oxides. The interior of silicon carbide fines and sintering assists may be pre- 

of the shape comprises polycrystal silicon carbide in- pared by the following four methods. The first method 

eluding at least one oxide selected from the group con- as mixing of sintering assists (oxides, hydroxides and 

sisting of R oxide, Al oxide and B oxide in the grain metal elements) insoluble In a solvent and silicon car- 
boundary. Specific resistance of the surface layer of 10 bide fines. In this method, dry mixing process is per- 

these shapes is more then lO^^ohm.cm providing a high formed with a mixer for a sufficient time of period, 

insulating property while specific resistance of the inte- while wet mixing process is performed with a solvent 

rior is similar level to that of normal silicon carbide such as alcohols. Tlie second method is adopted when a 

shapes providing the semi-conductive property. Since sintering assist (e.g. acid adducts of hydroxides, nitrates, 

the oxides in the layer protect the inside silicon carbide IS sulfates, organic acid salts, basic carbonates, carbonates, 

from the oxidation of the shape under an elevated tem- phosphates, perchlorates, halides, organic metal com- 

perature, e.g. 130O*-150O* C. of the air, the resistance is pounds, alcoholates, chelate compounds etc.) is soluble 

reduced less than tenth m comparison with that of the in a solvent. The sintering assist is dissolved in solvent 

shapes without the surface layer. A larger amount of B such as water, alcohols, ethers, ketones, hydrocarbons, 

oxide in the layer tends to flow out of the surface with 20 DMSO, DMF and others and mixed with silicon car- 

the other R and Al oxides, and makes difficult to form bide fines m a blender for a sufficient time of period. In 

a stable oxide layer. Therefore, the amount should be the mixing operation silicon carbide fines are covered 

less than 40% by weight. Thermal conductivity of the by membrane of the assist, and a rather small quantity of 

surface layer is less than tenth of that of the normal SiC the assist provide a sufficient sintering effect. Examples 

sintered shapes. For example, shapes in accordance 25 of the sintering assists soluble in solvents are as follows: 

with the present invention having a surface layer of 100 Acid adducts of hydroxide are soluble in water. Some 

fim thickness exhibit about 1/2.3 of that of normal SiC alcoholates are soluble in ethers and aromatic hydrocar- 

shapes without the surface layer. Bonding between the bons. Some chelate compounds are soluble in water, 

layer and the interior is confmned of sufficient high alcohols, ethers, and hydrocarbons. Some chelate com- 

strength to resist the separation after an alternate ther- 30 pounds are soluble in water, alcohols, ethers, and hy- 

mal shock test including successive heating and cooling. drocarbons. Organic metal compounds are soluble in 

Now manufacture of composite silicon carbide sintered organic solvents such as hydrocarbons and ethers., 

shapes by the present invention will be described. Some of nitrates, sulfates, organic acid salts and halides 

In accordance with the present invention, at least one are soluble in water, 

of alpha-SiC, beta-SiC and amorphous SiC may be used. 35 The third method is adopted when the sintering as- 

It has been found that the material comprising beta-SiC sists are in liquid form under the ambient temperature or 

or amorphous SiC fine powder with addition of may be melted under heating (e.g. some of organic 

0.1-10% by weight of alpha-SiC controls non-uniform metal compounds, chelate compounds and organic acid 

growth of SiC grain providing high hot strength and salts). The sintering assist and silicon carbide fines are 

creep resistance. It is preferable to use SiC powder 40 mixed with or without heating and blended together for 

which is removed of impurities to form the sintered a sufficient time of period. 

shapes of the present invention. The fourth method is a combination of the above- 
As SiC material, SiC fines or compounds including mentioned first through third methods, for example, 

siHcon-carbon bond, for example, organic silicon com- when the sintering assist include two or more kinds of 

pounds or organic high molecular silicon compounds, 45 compounds, a solution of the assist is mixed in silicon 

or mixture thereof may be used. carbide fmes. 

In accordance with the present invention, following In manufacturing of the sintered shapes including a 

groups of sintering assists may be used: rather large quantity of oxides in accordance with the 

(a) reire earth elements and rare earth compounds; present invention, they tend to be cracked during the 

(b) less than 99% by weight of at least one member 50 sintering operation. The fourth method mentioned 
selected from the group consisting of aluminum, above is advantageous to prevent the cracking failure, 
carbon, boron and compounds thereof and the The amount of the assist necessary to sinter SiC is sev- 
balance substantially being at least one member eral percent ofthc oxide. To perform an effective blend- 
selected from the group consisting of rare earth ing of the assists and SiC powder, a solvent soluble 
elements and rare earth compounds. 55 assist is dissolved in a solvent, then mixed with SiC 

The above-mentioned R compounds, aluminum com- powder. When an assist (e.g, oxides) insoluble in the 
pounds and boron compounds include the respective solvent is added to the mixture, it is advantageous to 
oxides or composite oxides, hydroxides, acid adducts of minimize the occurence of cracking failure in the sin- 
hydroxides, phosphates, carbonates, basic carbonates, tered products. 

nitrates, sulfates, organic acid salts, halides, organic 60 Mixing operation may be performed with cohven- 

metal compounds, chelate compounds and alcoholates, tional powder mixers or kneaders. 

The acid adduct of hydroxide in the above-listed The atmosphere for the mixing operation may be an 
sintering assists are synthesized by reaction of the hy- oxidizing one such as air, carbon dioxide gas and oxy- 
droxides with acids. When lesser equivalent of the acid gen gas, or non-oxidizing one such as nitrogen, argon, 
than metal element equivalent in die hydroxide is re- 65 helium, hydrogen, neon, carbon monoxide and hydro- 
acted with said hydroxide, the acid reacts with a part of carbon gases, or a vacuum. Mixing operation may be 
the metal element to form acid adduct which is dis- generally performed under the air. During the mixing 
solved in water. These acids include hydrochloric, sul- under air, a part of the compounds including organic 
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metal compound, alcoholates and complexes, chelate and their oxides are partly or wholly oxidized, but no 
compounds, and halides react with oxygen, carbon disadvantages effect occur. 

dioxide gas or water to form oxides, hydroxides or Temperature raising rate varies depending on the size 
carbonates. The resulting compounds in a form of mi- of a shape. Larger the size a slower rate is appropriate, 
croparticles adhere to SiC powder surface to promote 5 The rate up to 1600" C for one hour may be applied 
theantcnng. because the sintering does not proceed to a large extent. 

The mixed material is compacted into a desired con- but when the assists other than oxides and metals are 
figuration to form a green shape. The compacting oper- used they cause reaction and produce even a small 
ation may be performed with the conventional technics amount of a gas, therefore the rate up to 1600* C for 
as m the powder metallurgy. lo over three hours are desired. A slow rate, e.g. 7* 

When the mixed matenal comprises SiC fines and C./min. higher than 1600* C will gives good results to 
sintering assist in a form of powder, about one percent avoid shrinkage of the shape. 

by weight of a lubricant such as stearic add or its salt A composite product sintered at a high temperature 
may be favorably used in the mold pressing. including aluminum, boron in its initial composition 

Pressure application may be made through a single- 15 loses a part of these assists and the compounds Specifi- 
acting. double-acting pressure or hydrostatic press etc, cally, aluminum or boron compound reacts with rare 
A pressed shape, or a compact of a rather simple config- earth compunds during the sintering and then decom- 
uration may be subjected to the subsequent process, but poses at a high temperature, and a part of aluminum or 
a- compact having a complex configuration requires boron react with silicon compound (mainly oxide) on 
reforming operation with a grinding or milling machine. 20 the SiC particle surface to evaporate. The remaining 
When a high mechanical strength of the shape is re- part of the oxide existing in the grain boundary of SiC 
quired for the machining, the shape may be pre-heated polycrystal promotes the sintering, and further addi- 
m a temperature range of SOO'-ieOO' C. under an oxi- tional oxide diffuses to form the surface layer of the 
dizmg or non-oxidizing atmosphere, or in vacuum. Also sintered shape. The oxide component in the layer con- 
the matenal may be slip-cast. In the slip-castmg without 25 sist of; mixtures of a small amount of SiC and/or Si02 
any solvent a dispersing medium, preferably water, plus R oxide; R oxide plus Al oxide; R oxide plus B 
added with an anti-coagulating agent is mixed with the oxide^ and R oxide plus Al and B oxides. In other 
material On the other hand, when a solvent is used for words, the oxide component includes a small amount of 
the mixmg a rather large amount of the solvent is added SiOj and a small amount of SiC dispersed therein. When 
to form the slip-casting material. The material is poured 30 a large amount of fl oxide is used it will melt at a rela- 
mto a mold of calcined plaster to form a green shape, tively lower temperature during the sintering operation 
SiC mixed matenal m a fonn of paste may be compacted and flow out of the surface. Therefore a lesser amount 
with the mjcction molding process. In shaping the than 40% by weight of B oxide in total oxides gives a 
paste, a bonding agent is advantageously used in addi- desired results. 

tion of Ac-solvent The bonding agent include polyvi- 35 Carbon is added together with oxide or similar com- 
nyl alcohol, polyethylene glycol and wax which evapo- pounds. When a large amount of carbon is used it re- 
rate dunng the sintering. When a solution of the assist, mains in the composite sintered shape to deteriorate its 
e.g. acid adduct of hydroxide, is viscous, a suitable paste oxidation resistance at a high temperature. Therefore, a 
may be formed without any bonding agent In this case lesser amount than 10% by weight of carbon react with 
the assist serves as a smtering and bonding agent 40 sintering assists and SiOj and is exhausted. 

A green shape thus formed is then sintered in a fur- Carbon and carbon compounds to be mixed in the 
nace which preferably is changeable to an oxidizing or green shape include acetylene black, carbon black, 
non-oxidizmg atmosphere, or to vacuum. The sintering graphite powder, coal fines; active carbon, high molec- 
temperature is in a range of 1600'-2300' C. A lower ular aromatic compounds (e.g. tar and pitch) and or- 
temperature than 1600* C. does not cause sintering reac- 45 ganic compounds leaving carbon after sintering (eg 
tion, while a higher temperature than 2300' C would phenol resin, aniline formaldeyde resin, cresol formal- 
dismtegrate SiC. The sintermg of a composite SiC shape dehyde resin and furan resin). 

or compact may be completed in this temperature It is already known that carbon or carbonaceous 
range, and the sintenng at a relatively low temperature compounds mixed m a green shape react with SiO: 
is completed with a large amount of the sintering assist. 50 membrane around SiC particle and promote bonding to 
With a large size or complicated configuration of a SiC particles due to the existence of boron. Inventors 
shape, or, a sintering assist which may produce a gas believe the bonding between the particles is strength- 
dunng the smtenng, such sintering process may ad van- ened by the existence of rare earth oxides in accordance 
tageously performed in two stages, i.e. low and high with the present invention. 

temperature operations. An oxidizing atmosphere or 55 Combined use of sintering assists, aluminum, alumi- 
vacuum is desu-ed for the high temperature sintering. num compound plus carbon, carbonaceous compounds 
For the non-oxidizmg atmosphere, nitrogen, argon, plus boron, boron compounds, with rare earth elements 
hehum, neon or carbon monoxide is used. A high pres- and rare earth compounds is believed to promote the 
sure of the atmosphere is desired, but generally, the respective sintering effects of aluminum, boron and 
normal pressure gives a good result. Low temperature 60 carbon. 

sintering does not necessarily require non-oxidizing The present invention may be practised with sinter- 
atmosphere or vacuum. Sintering in the air at a tempera- ing under either pressurized or pressureless conditions, 
ture less than 1300** C. does not cause oxidation of sOi- SpecificaUy, composite sintered shapes having high 
con carbide. In this case smtering assists other than density and high bending strength may be obtained by 
oxides will oMdize dunng the sintering, but such assists 65 the pressureless sintering. A part of rare earth elements, 
m the form of oxide do not give any adverse effect on boron and aluminum mixed in SiC powder as sintering 
the sintering operation. For example, sintering assists assist, remains in a form of oxide within SiC boundary, 
other than rare earth elements, aluminum metal, boron and the remaining part disperses outward to form the 
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surface layer. Such sintering under pressure causes simi- comes unreactive, and the formation of a desired coin- 

lar reactioni and provides further advantage of better posite sintered shape can not be performed, 

control on uniform quality. The pressure sintering may The amount of aluminum, carbon, boron and their 

be performed with hot pressing, hot isostatic pressing or compounds should be limited in a range of 0.006-85.000 

sintering under pressurized atmosphere. 5 atomic % on the total oxide basis, because a lesser 

Now reason for limiting the composition range in the amount than 0.006 atomic % is less effective to promote 

present invention are explained in the following. the sintering to make the formation of a desired com- 

In a composite SiC sintered shape produced by the POsite shape difficult, while with a larger amount than 

first embodiment of the present invention, when the 85.000 atomic % SiC withm the ulterior of the shape 

content of rare earth oxide is less than 1 1.300 atomic %, 10 disperses in the oxides or becomes unreactive, and the 

the formation of the surface oxide layer is insufficient, formation of a desired shape can not be performed, 

while when the content is larger than 65.000 atomic %, The composite silicon carbide sintered shapes pro- 

SiC in the interior of the shape disperses in the oxides or ^<iced by the present invention are composed of the 

becomes unreactive to make the formation of a desired ingredients described in the appended claims 1 and 2. 

shape difficult. Therefore, the content of rare earth *5 Though not described in claims 1 and 2, impurities in 

oxide should be Imiited in a range of 11.300-65.000 SiC material used in the present invention, e.g. Si02, Fe, 

atomic %. ^» ^» ^'^^ carbon and other trace elements, are 

In a composite SiC sintered shape produced by the generally existing m the material. Therefore, the sin- 
second embodiment of the present invention, when the ^^^^ ^^P^ produced from such matenal fall within 

content of rare earth oxide is less than 0.021 atomic ^0 the scope of the present invention. 

since an action to promote the sintering is less effective , ^ovv some examples of the present mvention will be 

it is difficult to increase the density of the sh^e. while <lescnbed m the following. 

when the content is larger than 65.000 atomic %, SiC in EXAMPLE 1 

the interior of the shape disperses in the oxides or be- , - - -j • j- t j • i n. 

comes unreactive. ThTrefoie the content of rare earth ^ \ ^5 f "*f is dissolved m 20 nJ of hot 2 

oxide should be limited in a range of 0.021-65.000 N-hydrochlonc acid solution, then 5 ml of aqueous 

atomic 9 ammonia is added to precipitate scandium hydroxide. 

lessthan0.006atomic %,since^a^^^^^^ 3^ hydrochloric add solution is added to the precipitate, 

mg « less effective It is difficult to mcrease the g of beta-SiC and 6 g of La^Oa are mixed wilh the 

I'^^'/ofJ^V^'-^^''^^^^ the content is larger reaction solution, and wlter is removed by evaporation, 

than 79.984 atomic %, SiC m the mtenor d^pr^es m ^he dried powder is initially pre-shaped by a smgle- 

oxides and becomes unreacnve the content of oxides of ^^^^ ^^en compacted with a hydrostatic press 

nJ^rrofi^ . "^"^ rM'" ^ °^ 35 under 2X10^ MPa to form a green shape. The green 

0^006-79.984 atomic % Further, when the totd amomit ^ ^umt in the primary firing in theVt at a rfte of 

of tiie above-mentioned rare earth oxides and aluminum loO* C./h up to 500* C. The burnt shape is sintered in 

oxide and/or boron oxide is less than 11.306 atomic %, Xamnmann furnace under argon atmosphere in a tem- 

the formation of the surface layer of oxide is msuffi- perature range of 500'-1900- C at a rate of 200-/h and 

cient, while the amount is larger than 80.000 atomic %, 40 held at 1900' C. for one hour to obtain a composite SiC 

SiC m the intenor of the shape disperses m the oxides sintered shape. The surface layer of the shape is com- 

and becomes unreactive to make the formation of the posed of mixed oxides of SC2O3, and the interior com- 

desired shape difficidt. Therefore, the total mnount of pnses silicon carbida The shape exhibits 70 kg/mm2 of 

the above-mentioned two bndsof oxides should be bending strength and oxidizing rate at 1400' C. is one- 

hmited m a range of 1 1.306-80.000 atomic %. 45 fifteenth of a shape produced with sintering assists of B 

In the manufacture of sintered shape by the present and C. The specific resistance of the shape is 3x 10»2 

mvention, the amount of rare earth elements or rare ohm-cm. 
earth compounds in the sintering assists to be added to 

SiC powder described in the appended claim 3, the EXAMPLE 2 

amount of sintering assist on the rare earth oxide basis 50 9 g of yttrium oxide is dissolved in 180 ml of 2 N- 

should be limited in a range of 1 1.300-65.000 atomic % hydrochloric acid, and 30 ml of aqueous ammonia is 

(sum of SiC plus assist being 100 atomic %\ When the added to precipite yttrium hydroxide which is separated 

amount is less than 11.300 atomic %, the formation of by filtering. The resulting yttrium hydroxide is mixed 

the surface layer of a sintered shape is insufficient, while with 260 ml of formic acid solution of pH 2, and agi- 

when the amount is larger than 65.000 atomic %, SiC in 33 tated for four hours at room temperature to cause a 

the interior of the shape disperses in the oxides or be- reaction. The reacting solution is condensed under a 

comes unreactive, and it is difficult to form a desired reduced pressure and dried in vacuum to obtain 18.5 g 

sintered shape. of acid adduct of yttrium hydroxide. On the other hand. 

On the other hand, the invention described in the 30 g of aluminum isopropoxide is dissolved in 120 ml of 
appended claim 4, the amount of rare earth elements, 60 benzene, and 200 ml of 1 N-hydrochloric add solution 
aluminum, carbon, boron,*and their compounds should is added. The resulting aluminum hydroxide immedi- 
be limited in a range of 0.021-65.000 atomic % on the ately reacts with hydrochloric acid, and the reaction is 
rare earth oxide basis (sum of SiC and oxides being 100 completed within several hours. The mixed solution is 
atomic %), because with a lesser amount than 0.021 condensed under a reduced pressure and dried in vac- 
atomic %, an action to promote the sintering is less 65 uum to obtain 20 g of acid adduct of aluminum hydrox- 
effective to make the formation of a desired shape of ide. 1.5 g of the acid adduct of yttrium hydroxide and 
high density, while a larger amount than 65.000 atomic 1.5 g of aluminum hydroxide are dissolved in about 10 
% within the interior of the shape disperses and be- ml of water. 16.5 g of beta-SiC (containing 5% of alpha- 
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SiC) particles having average size of 0,27 ^m, and 10.5 from room temperature to 500' C. at a rate of 50" C /h 

g of Y2O3 are added to the solution, and mixed, then the then sintered in Tammann furnace under argon atmo^ 

solution IS dried. The dried powder is placed in a metaJ sphere in a temperature range of 500'-1900' C at a rate 

mold, and pre-shaped with a single-acting press, then of 100" C./h and held at this temperature of 1900' C for 
o°"^^fx^ * hydrostatic press at a pressure of 5 30 minutes to obtain a composite SiC sintered shape 

2X10^ MPa to form a green shape. The green shape is The shape exhibits bending strength of 90 kg/mm^ and 

temperature of 500* C. at a rate of specific resistance of 1 x IQiiohm-cm. Thermd conduc- 

i^^?!nc!?o^i^^ " ^^^^^^^ * temperature tivity of the shape is greater 3.5 times of that of a similar 

range of 500^-1950' C at a rate of lOO'C/h and held at shape without the surface layer 
this temperature 1950* C for 30 minutes to obtain a 10 

composite sintered shape. The shape exhibits the bend- • EXAMPLE 6 

ingstrengthof80kg/mm2andtheoxidizingrateis 1/12 3 g of samarium acetyl acetonate are dissolved in 

of a antered SiC shape produced with sintering assist of about 10 ml of benzene, and 25 g of bcta-SiC and 15 g of 

! r^^Tf] ^^J'^^^^^Z^y ^ ^"^^ Sm203 are added and mixed together. After evapora- 

higher than that of the latter shape. The specific resis- 15 tion of benzene there is obtain dried powder The oow- 

tance is Ixl0i2ohm^m. der is mixed with an aqueous solution of 3 g of boric 

EXAMPLE 3 ^ ^ ^^^^ ^i^ed together. After 

J ^. evaporation of water there is obtained dried powder. 

10 g of a composite oxide A12Y409 is ground into The powder after leaving in the air for four days is 

particles having a size less than I /im, and 30 g of alpha- 20 placed in a metal mold and pre-shaped in a single-actinc 

SiC powder havmg an average size of 0.40 ;im and 2 g press then in a hydrostatic press to obtain a green shape 

of bone acid are added to the oxide. The mixture is The shape is burnt in the air in a temperature range from 

broken down in a pulverizer for three hours. The mixed room temperature to 500* C. at a rate of 100" C Ai then 

fines added with a small quantity of water is placed in a sintered in Tammann furnace under argon atmosphere 

metal mold and pre-shaped m a single-acting press then 25 in a temperature range of 500'-1900* C at a rate of 200" 

o^^^";*!^ ^ a prostatic press under a pressure of C./h and held at this temperature 19o6" C. for 30 min- 

2X 10^ MPa to forni a green shape. The green shape is utes to obtain a composite sintered SiC shape The 

burnt m Silicomt fimiace under argon atmosphere in a shape exhibits specific resistance of 1 x lO^^ohm-cm and 

temperature n^ge from room temperature to 1300' C bending strength of 74 kg/mml The oxidizing rate of 

at a rate of 100 C./h. then m Tammann furnace under 30 the shape at 1400" C. is 1/1 1 of a similar shape produced 

nn^" ir1?? o?^ ? ? u'??^^ P™^l«^s sintering using sintering assists of B and 

1300 -1850 C at a rate of 100" C./h and held at this C. 

temperature for 30 minutes to obtain a composite SiC 

sintered shape. The shape exhibits specific resistance of EXAMPLE 7 

IX lOl^ohm^m and bend^^^^ of 60 kg/mm^ ^5 5gof praseodymium propionate and 2 g of aluminum 

Oxidizing rate at 1300 C of the composite shape is nitrate arc dissolved in about 10 ml of water, and 20 e of 
reduced to 1/12 of that of a similar SiC sintered shape beta-SiC. 25 g of VviOs and I g of active carbon are 
produced with a hot press using an assist of AI2O3. added and mixed together. After evaporation of water 

EXAMPLE 4 obtained dried powder. The powder is placed in 

... 40 a metal mold and compacted in a single-acting press and 

5 g of oenum nitrate is dissolved in about 10 ml of then in a hydrostatic press at a pressure of 2x 10^ MPa 
water, and 25 g of CeiOj, 2 g of boron, 2 g of active to form a green shape. The shape is burnt in the air in a 
carbon and 50 g of beta-SiC are added and mixed to- temperature range from room temperature to 500" C at 
gether. The mixture is dried into powder form, and a rate of 50" C./h then sintered in Tammann furnace 
pre-shaped m a metal mold with a single-acting press, 45 under nitrogen atmosphere in a temperature range of 
Oien a hydrostatic press at a pressure of 1 x 102 MPa to 5OO"-2O0O" at a rate of 200' C/h and held at this tera- 
foim a green compact or shape. The shape is burnt in perature 2000" C for 30 minutes to obtain a composite 
SUicomt furaace under argon atmosphere to 1400" C. at SiC sintered shape. The shape exhibits specific resis- 
a rate of 100 C/h. The burnt shape is placed in a graph- tance of 1x10" ohm-cm and bending strength of 80 
ite mold aad sintered m a range of 1400--2000- C. at a 50 kg/mmK The oxidizing rate at 1500" C. in the air is 1/13 
rate of 200 C/h in an induction furnace, and held at of that of a similar shape produced with sintering assists 
this temperature 2000" C for 30 minutes to obtain a of B and C. 
composite SiC sintered shape. The shape exhibits bend- 
ing strength of 62 kg/mm^ and specific resistance of EXAMPLE 8 
1X1014 ohmKjm. The oxidizing rate of the shape is 55 2 g of HCOOH adduct of yttrium hydroxide pro- 
reduced to 1/12 of that of a similar shape produced with duced by Example 2, and 2 g of HCI adduct of alumi- 
smtenng assists of B and C. num hydroxide are dissolved in about 10 ml of water, 
EXAMPLE 5 ^".^ 6 beta-SiC and 18 g of EU2O3 are added and 
- . , . , mixed together. After evaporation of water there is 
3 g of neodymium acetyl acetonate and 3 g of alumi- 60 obtained dried powder. The powder is placed in a 
num isopropoxide are di^lved in about 10 ml of ben- graphite mold and sintered in a hot press under argon 
zene, and 30 g of beta-SiC and 5 g of AI2O3 are added atmosphere at a pressure of 100 kg/cm2 and a tempera- 
and mixed together. After the evaporation of benzene ture of 1800" C for two hours to obtain a composite 
there IS obtained dried powder which is left in the air for sintered SiC shape. The shape exhibits specific resis- 
one week. The powder is placed in a metal mold and 65 tance of Ixl0l2 ohm-cm and bending strength of 84 
preshaped in a single-acting press then compacted in a kg/mm^ ' 

-hydrostatic press at a pressure of 2 x 102 to form a As stated above, the composite sintered SiC shapes 
green shape. The shape IS burnt ma temperature range produced in accordance with the present invention 
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have high density and bending strength, and excellent pounds to form a mixture, the amQunt of said assist 

oxidation resistance, wear resistance, creep resistance, being in a range of 11.300-65.000 atomic percent on a 

and thermal shock resistance. The shapes have insulat- rare earth oxide basis, 100 atomic percent being the sum 

ing property having specific resistance more than 10" of said assist and sflicon carbide; (b) compacting said 

ohm-cm and having lesser thermal conductivity than 5 mixture at a pressure in a range from 100 MPa to 200 

that of silicon carbide but larger than that of oxides. The MPa; (c) burning said mixture in a primary firing at a 

composite material from which the shapes may be made temperature of from 500* to 1,400° C. for a period from 

are unknown in prior arts, also may be processed with 5 to 14 hours; and (d) sintering said burnt mixture at a 

pressure or pressureless sintering into various . parts temperature of from 1800* to 2,000' C. fora period from 

having complexconfigurations, hollow parts or thin 10 gto 14 hours in an atmosphere consisting essentially of 

belt-like form. Therefor^ the composite smtered SiC ^ ^^f^ consisting of argon and 

shapes may be applicable broadly to manufacture of gas ^^ j^ereby forming in said shape a central por- 

mbmc blade, gas turbine parts, pwts m apparatus for ^ ^^^^ , ,^ ^^ ^ 

corrosive gases, crucibles, Iming of ball mdls, heat ex- .„ ^ ^^^^^ ^ » ^ 

changer m high temperature furnace and refractory 15 t..*.-^ i * • i • t J • ^ r7 , 

material / ^eati5elemS tg )burning tube, die^t pump, ^l'^^ ^^f:^"^ "^"^^"^ r^^"^"" ^Jf ''''' """^ 

thin-walia tug nuc lear fusion reactor material, POrtion exkbUs semiK^^^^^ 

atomic reactor material, solar furnace material, tools , ^ A n,ethod of manufactunng a si icon carbide sin- 

and parts thereof, grinding material, thermal insulator, t^red shape compnsmg the steps of (a) mixing silicon 

single crystal substrates for electronic devices, sub- 20 ^bide powder with a smtenng assist consistt^^ 

strates for electronic circuits and insulating material and P^^*^f » ^^S^^ .^^ ^^5^ "^e"^^^'' 

Qtljgfs. Iccted from the group consistmg of aluminum, carbon, 

We claim: boron and their compounds, and the balance being of at 

1. A composite silicon carbide sintered shape consist- member selected from the group consisting of 
ing of 11.300-65.000 atomic percent of one or more 25 ®^ elements and rare earth compounds, to form 
members selected from the group of rare earth oxides * mixture, the amount of said rare earth elements or 
and balance substantially being of SiC, said shape hav- ^^^^ compounds being 0.021-65.000 atomic percent on 
ing a surface layer abundant in rare earth oxide. oxide basis, 100 atomic percent being the sum of 

2. A composite silicon carbide sintered shape consist- ^^^t and silicon carbide; (b) compacting said mix- 
ing of 0.O2 1-65.000 atomic percent of one or more mem- 30 ^^re at a pressure in a range from 100 MPa to 200 MPa; 
bers selected from the group of rare earth oxides, (c) burning said mixture in a primary firing at a tempera- 
0.006-79.984 atomic percent of at least either member of t^re of from 500' to 1,400' C. for a period from 5 to 14 
aluminum oxide or boron oxide, total sum of said rare hours; and sintering said burnt mixture at a temperature 
earth oxide plus aluminum oxide or boron oxide being of from 1800* to 2,000* C. for a period from 6 to 14 
1 1.306-80.000 atomic percent, the balance substantially 35 hours in an atmosphere consisting essentially of a gas 
being of SiC, said shape having a surface layer abundant selected from the group consisting of argon and nitro- 
in rare earth oxide. gen; thereby forming in said shape a central portion and 

3. A method of manufacturing a silicon carbide sin- a surface layer, said surface layer being abundant in rare 
tered shape comprismg the steps of (a) mixing silicon earth oxide whereby said surface layer exhibits electri- 
carbide powder with a sintering assist consisting essen- 40 cal insulating properties and said central portion exhib- 
tially of at least one member selected from the group its semi-conducting properties. 

consisting of rare earth elements and rare earth com- ♦ • » » ♦ 
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ABSTRACT OF THE DISCLOSURE 

Increased strength is imparted to porous silicon nitride 
by subjecting the silicon nitride to controlled oxidation 
such that the surfaces of the internal pores are oxidized. 



BACKGROUND OF THE INVENTION 

This invention relates to silicon nitride artefacts and 
is concerned with a process for treating artefacts contain- 
ing porous silicon nitride with a view to increasing their 
strength. 

SUMMARY OF THE INVENTION 

The invention provides a method of increasing the 
strength of an artefact containing porous silicon nitride, 
which contributes to the strength of the artefact, which 
method comprises subjecting the silicon nitride to con- 
trolled oxidation for oxidizing the surfaces of the internal 
pores. 

Whilst this method is particularly appropriate for treat- 
ing porous silicon nitride artefacts, it is also useful, for 
example, for treating an artefact of silicon carbide which 
is bonded with silicon nitride, or other artefacts contain- 
ing silicon nitride in which the silicon nitride contributes 
to the strength of the artefact. Artefacts to which the 
treatment may be applied include silicon nitride rein- 
forced with fibrous material, such as fine tungsten wires 
coated with silicon carbide, graphite fibres coated with 
silicon carbide, or graphite fibres. 

Preferably the oxidation is controlled by selection of 
temperature and time such as to achieve optimum oxida- 
tion of the surfaces of internal pores before the pores are 
closed by formation of a continuous layer of oxide on the 
structural surface of the artefact. 

The oxidation of reaction sintered silicon nitride occurs 
in two well-defined stages, the relative importance of 
which depends on temperature and time. For a material 
containing, for exanaple, 21% open porosity two stages of 
oxidation can be identified. During the first stage (stage I) 
both internal and external surfaces are oxidized, until 
the external surface oxide layer closes the pore openings 
and inhibits further internal surface oxidation. During the 
second stage (stage II), when internal oxidation is inhib- 
ited, oxidation is substantially limited to the external 
surfaces. For stage I oxidation to occur it is necessary that 
there is no continuous inhibitive film covering the external 
surfaces and that the pores are not completely filled with 
other material. Because the internal surface area is much 
greater than the external surface area oxidation in stage I 
is much more rapid than in stage II. 

In one example of silicon nitride artefact of density 
2.5 X 103 jcg, m.-s^ it has been found that at 1000" C. most 
of the oxidation is internal and the sole oxidation product 
is silica. A 1% weight gain is equivalent to 2.8 wt. percent 
Si02. There is a large volume increase on oxidation and 1 
volume of Si3N4 produces 1.8 volumes of SiOa. To fill com- 
pletely all the pores requires a weight gam of 9% and thus 
the pores are ^60% filled after 150 h. at 1000" C. 
The weight gain is accurately proportioned to (time)'* 
for times <36 h. indicating that there is little sealing-off 



of pores and that oxidation is limited by a diffusional 
process through the silica. For longer oxidation times the 
oxidation rate gradually falls because of gradual sealing 
off of pores and after 100 h. a mainly continuoiis undulat- 
5 ing surface layer is present with only a few channels still 
open. 

The transition from stage I to stage 11 occurs, at very 
short times on oxidation at 1200" and 1400' C, because 
a continuous surface film is rapidly formed, and only 3-5 

10 wt. percent SiOj is formed on internal siirfaces. 

The silica formed on oxidation is present at room tem- 
perature as predominantly a-cristobalite. /3-cristobalite is 
presmnably formed during oxidation and ts converted to 
the a-form on cooling through 270 to 200' C. 

15 The invention includes an artefact containing silicon 
nitride, which contributes to the strength of the artefact, 
when treated by any of the aforesaid methods. 

The invention further includes an artefact containing 
porous silicon nitride, which contributes to the strength of 

20 the artefact, wherein the surfaces of the internal pores of 
the silicon nitride are coated with a substantial layer of 
silicon dioxide formed by high temperature oxidation 
treatment. The porous silicon nitride may be reaction 
sintered silicon nitride. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

The nature of the invention will be more readily under- 
stood froni the following description of a number of ex- 
periments and their results given by way of example to 
30 illustrate treatments and artefacts embodying the inven- 
tion. Reference will be made to the accompanying draw- 
ings in which: 

FIG. 1 is a series of curves relating gain in weight 
to oxidation time at various temperatures, 

35 FIG. 2 is a curve relating fracture stress to tempera- 
ture in an untreated artefact, 
FIG. 3 is a similar curve for a treated artefact, 
FIG. 4 is a curve relating strength at 25 " to oxidation 
time at 1000" C. 

40 The drawings relate to experiments carried out with 
a reaction sintered silicon nitride artefact of density 
2.5X103 kg.m.-3. 

FIG. 1 shows the gain in weight of individual artefacts 
as a function of the oxidation time at 1000" C, 1200% 

45 and 1400* C. in still air. A (time)^ axis is used, on the 
assumption that the oxidation behaviour is governed by 
a simple diffusion-controlled process. There are clearly 
two stages of oxidation. At 1000° C. there is an initial 
linear stage (I) which tends to completion in 3-4 days. 

60 At noO** and 1400' C. Stage I ;is essentially complete 
in fvery short times <15 min. The rate of oxidation in 
stage I increases whilst the amount of oxidation de- 
creases with increase in temperature. At 1200" and 1400' 
C. there is a second stage (It) which is also linear. The 

65 rate of oxidation is very much lower in stage II and the 
rate again increases with increase in temperature. The 
linear stage II at 1000* C. is noE evident in FIG. 1 but 
presumably occurs at times >4 days. 
X-ray diffraction analysis of oxidized materials, at 25* 

60 C., indicates that oxidation at temperatures from 1000' 
to 1400' C. produces cristobalite. The lower the temper- 
ature the larger is the quantity of cristobalite formed 
after extensive exposure to air. This correlates with the 
relative quantities of oxide formed as determined from 

85 weight gain experiments (FIG. 1). At 25* C. the cristo- 
balite is present predominantly in the a-form although 
traces of the |3-form are present in some samples. 

Scanning electron microscope observations of the sur- 
faces and fracture faces of unoxidized and oxidized 

70 specimens reveal a number of important features. A 
polished surface of an unoxidized specimen revealed flat 
polished plateaux and a background of porous matte. 



Page 3 (JJeffery, 09/21/2000, EAST Version: 1,01,0015) 



3,824, 

3 

Oxidation at 1200" and 1400** C. for times h, 
produced a relatively smooth dense surface layer which 
severely cracked. 

Oxidation, at 1000" C. is quite different The surface 
retains much of the undulation of the xmoxidized surface ^ 
so that the larger surface pores are not sealed off for 
times <10O h. Also, no cracks appear on any part of 
the surface. Examination of the fracture face of a speci- 
men oxidized for 100 h. showed that the oxide layer at 
the surface was 1 to 2 fim, thick. 

The very different appearance of the surfaces of speci- 
mens oxidized at 1000" C. and 1200* C. or 1400" C. 
indicates that the oxide must have relatively low viscosity 
at the higher temperatures, so that it can run into the 
pores to generate the flat surfaces. jg 

Several scries of strength measurements have been 
made as a function of temperature before and after 
thermal treatments in air at high temperature. 

The temperature dependence of the strength of un- 
treated as fabricated material is given in FIG. 2. With 
increase in temperature, the strength first falls slightly, 
rises to a peak at 1200' C. and then falls again. 

For material of this example treated by heating in air 
for 96 h. at 1000" C, cooled to room temperature and 
then tested at temperatures <1000' C, the strength is gg 
increased at all temperatures (FIG. 3). A few specimens 
were heated to 1000** C. for 96 h. and then tested at 
1000° C, or below without first cooling to room temper- 
ature. The strength was again enhanced by an amount 
similar to that of specimens first cooled to room temper- 
ature. FIG. 4 shows how the strength at 25 - C. varies 
with time of oxidation at 1000* C. There is an initial 
rapid rise in 1 h. and then a slow steady increase for 
longer times. 

Comparison of FIGS. 1 and 4 shows that it is the 35 
early stages of oxidation that are most effective in in- 
creasing strength. Half the strength increase occurs after 
1 h. oxidation when the weight gain is only 0.75%. The 
oxidation in 1 h. is unlikely to significantly reduce the 
size of flaws, which suggests that the strength increase is 40 
due mainly to rounding of flaws. The strength is increased 
at all temperatures irrespective of whether the specimens 
are cooled directly to temperatxire or via 25" C. 

This example illustrates the increase in strength that 
may be achieved with comparatively high density mate- 45 
rial (2.5 xlO^ kg. m.~3). Thus, treatment in air for nearly 
100 hours at 1000" C. resulted in 20% convertion of 
silicon nitride to silicon dioxide and bend strength at 
room temperature was increased from 220 to 280M 
Nm.-3. 60 

Reaction sintered silicon nitride, as normally produced, 
has a density in the range 2.0 to 2.7 X 10^ kg. m.-^ (corre- 
sponding to 37 to 15% porosity). The porosity is mainly 
of the open type. 

It has been found that the treatment, according to the 55 
present invention, has even greater effect upon the 
strength of low density material. Further, for low density 
material, it is acceptable to use a higher treatment tem- 
perature, the oxidation of the internal surfaces continuing 
to a satisfactory extent, and more rapidly because of the 60 
higher temperature, before the openings to the pores are 
closed by formation of a continuous coating on the 
external surface. 

Thus in another experiment material of denaty 
1.9x103 kg. m.-3 was heated in air for 1 hour at 1300" 65 
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C. 32% of the silicon nitride was converted to silicon 
dioxide and the bend strength at room temperature was 
increased from 100 to 240M Nm.-^. 

It will be appreciated that, once having appreciated 
the phenomena involved and the desirability of achiev- 
ing oxidation of internal surfaces as taught by the present 
invention, the precise conditions of control of oxidation 
have to be determined empirically for the particular, ma- 
terial chosen. The choice of conditions will depend upon 
the density of the silicon nitride, the nature of the 
artefact, and an optimized choice of temperature and 
time of treatment according to the improvement in 
strength desired. The principal requirement is for the 
temperature not to be so high that external surface oxi- 
dation closes the pore openings before the required de- 
gree of internal oxidation has been achieved. 

The invention is not restricted to the details of the 
foregoing examples. For instance, air need not neces- 
sarily be used as the oxidizing agent. Oxygen or any 
other suitable oxidizing agent may be employed. 
We claim: 

1. A method of increasing the strength of an artefact 
containing porous silicon nitride having internal pores, 
which contributes to the strength of the artefact, which 
method comprises subjecting the silicon nitride to oxi- 
dation in an atmosphere capable of oxidizing silicon 
nitride to silicon dioxide the temperature during oxida- 
tion being controlled such that the surfaces of the internal 
pores of the silicon nitride are oxidized to silicon dioxide. 

2. A method as claimed in claim 1, wherein the oxi- 
dation is controlled by selection of temperature and time 
such as to achieve optimum oxidation of the surfaces of 
internal pores before the pores are closed by formation 
of a continuous layer of oxide on the structural surface 
of the artefact, 

3. A method as claimed in claim 1, wherein for an 
artefact containing silicon nitride of density 2.5x103 
kg. m.-^ the oxidation treatment is carried out in air 
at about 1000" C. 

4. An artefact containing porous silicon nitride having 
internal pores, which contributes to the strength of the 
artefact, wherein the surfaces of the internal pores of 
the silicon nitride are coated with a substantial layer of 
silicon dioxide formed by high temperature oxidation 
treatment. 

5. An artefact as claimed in claim 4, wherein the 
porous silicon nitride comprises reaction sintered silicon 
nitride. 
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